Sr-Nd isotope data are reported for the early Precambrian sub-alkaline mafic igneous rocks of the southern Bastar craton, central India. These mafic rocks are mostly dykes but there are a few volcanic exposures. Field relationships together with the petrological and geochemical characteristics of these mafic dykes divide them into two groups; Meso-Neoarchaean subalkaline mafic dykes (BD1) and Paleoproterozoic (1.88 Ga) sub-alkaline mafic dykes (BD2). The 
Introduction
Early Precambrian mafic magmatic rocks have been reported from almost all Archaean terrains (Hall and Hughes, 1990; Ernst et al., 1995) . These magmatic rocks show wide variations in composition from ultramafic (komatiites) to mafic (tholeiites) and occur as volcanics, dykes and layered complexes. There is an observed tendency for a temporal evolution from komatiitic to noritic magmatism that probably reflects changing crustal states: from mafic 'crust' prone to rapid recycling in the Archaean to a more stable continental crust in the early Proterozoic (Hall and Hughes, 1990) . Detailed studies of early Precambrian mafic rocks can thus provide important constraints on the nature of magmatism at a time when Earth's thermal budget may have been different from that of today.
Archaean cratons in the Indian Shield experienced a wide range of early Precambrian mafic magmatism (Naqvi and Rogers, 1987; Weaver, 1990; Ernst and Srivastava, 2008; Srivastava and Ahmad, 2008) . However, except for those in the Dharwar craton (Drury, 1983; Rajamani et al., 1985; Weaver, 1990; Anand et al., 2003; Halls et al., 2007 and references therein), very few petrological and geochemical data are available on these rocks. Practically no isotopic data are available for the mafic igneous rocks exposed in the Bastar craton. The southern Bastar craton in central India (Fig.1b) has distinctive early Precambrian mafic dyke swarms and volcanic rocks whose petrological and geochemical characteristics are well characterised (Srivastava et al., 1996 Singh, 2003a, 2004; Srivastava, 2006a, b) . Here we report new Sr and Nd isotope data that help to constrain further the petrogenesis of these rocks.
Geological setting
The central India Bastar craton is considered to have formed as part of an early supercontinent assembled around Archaean nuclei and known as 'Ur' or 'expanded Ur' (Rogers, 1996; Rogers and Santosh, 2003; Srivastava, 2008) . The craton comprises a variety of granitoid, supracrustal, mafic, and unmetamorphosed late Proterozoic sedimentary rocks (Crookshank, 1963; Ramakrishnan, 1990) . It is bounded on all sides by prominent structural features; the Godavari rift to the southwest, the Narmada rift to the northwest, the Mahanadi rift to the northeast and Eastern Ghat Belt to the southeast (Fig. 1a; Naqvi and Rogers, 1987) . Crookshank (1963) described the general geology of southern Bastar craton but it is only recently that the petrology and geochemistry of the mafic rocks in the craton have been studied (Srivastava et al., 1996 Singh, 2003a, 2004; Srivastava, 2006a, b) . The distribution of early Precambrian mafic rocks exposed in the southern part of the Bastar craton is shown in Figure 1b .
Previous work has identified two groups of sub-alkaline mafic dykes (BD1 and BD2), a group of boninite-norite dykes (BN) and a variety of mafic volcanic rocks Srivastava, 2006b; 2008) . The two sets of sub-alkaline mafic dykes differ in age; BD1 dykes are Meso-Neoarchaean and BD2 dykes are Paleoproterozoic. This chronology is inferred from two important field relationships i.e. (i) a BN dyke cuts a dyke belonging to the BD1 swarm and (ii) veins of younger granite (2.3 Ga; Ramakrishnan, 1990 ) cut a dyke from the BN dyke swarm. It is, therefore, suggested that BN dykes are younger than BD1 but older than 2.3 Ga (Srivastava, 2006b (Srivastava, , 2008 . The BD2 dykes have been dated at 1883±1.4 Ma using the U-Pb isotope system in zircon and baddeleyite (French et al., 2004 (French et al., , 2008 . None of the other mafic dykes have been radiometrically dated. However, on the basis of field relationships, the ages of granitoid rocks, and stratigraphic relationship between different rock units (Ramakrishnan, 1990; Sarkar et al., 1993; Srivastava et al., 1996; Singh, 2003b, 2004; Srivastava, 2006a) , their approximate emplacement ages may be inferred. It is proposed that the BD1 swarm was emplaced in the Mesoarchaean and BD2 swarm in the Paleoproterozoic (1.88 Ga). Srivastava (2008) found that the geochemical characteristics of the boninite-norite (BN) dykes were similar to other Neoarchean-Paleoproterozoic (2.4-2.5 Ga) occurrences worldwide, an indication that boninitic magmatism may have been a common phenomenon at that time. This argument also supports the emplacement of BN dykes at around ~2.5 Ga. We suggest that the BD1 dykes were emplaced around 2.7 Ga which was the time at which worldwide mafic magmatism is reported from many Archaean cratons (Blichert-Toft and Albarède, 1994) . Clearly, this is a circular argument but constraining the radiometric emplacement age for the medium-grade metamorphosed BD1 dykes is difficult given the absence of a primary igneous mineralogy. The age of the mafic volcanic rocks is also estimated as Neoarchaean . This is consistent with the observation that the volcanics share geochemical characteristics, and hence are likely to be genetically associated with the Neoarchaean BD1 dykes (Srivastava and Singh, 2003b) . Thus, the isotope data will be age-corrected to 2.7 Ga. However, we also present initial isotope ratios corrected to 3.0 Ga in order to illustrate the significance of the uncertainty in age for the initial ratio calculation.
Analytical techniques
Samples for the isotope analyses were selected very carefully. All seventeen samples from the sub-alkaline mafic rocks (seven each from the BD1 and BD2 dykes and three from the mafic volcanic rocks) were extremely fresh and collected from the middle portion of the exposures (dykes/volcanic bodies). No evidence of any alteration, either in the field (hand specimen) or in thin section, was noticed in the analysed samples. All these samples were analysed for Sr and Nd Rb and Sr were separated in 2.5 N HCl using Bio-Rad AG50W X8 200-400 mesh cation exchange resin. A rare earth element (REE) concentrate was collected by elution of 3N HNO 3 .
Nd and Sm were separated in a mixture of acetic acid (CH 3 COOH), methanol (CH 3 OH) and nitric acid (HNO 3 ) using Bio-Rad AG1x8 200-400 mesh anion exchange resin. Total procedure blanks for Rb, Sr, Sm and Nd were less than 0.5 ng.
Sr was loaded onto single Ta filaments with 1 N phosphoric acid, Rb onto triple Ta filaments and Sm and Nd onto triple Ta-Re-Ta filaments. Sr was analysed on a VG Sector 54-30 multiple collector mass spectrometer. A 88 Sr intensity of 1V (1 x 10 -11 A) ± 10% was maintained.
The 87 Sr/ 86 Sr ratio was corrected for mass fractionation using 86 Sr/ 88 Sr = 0.1194 and an exponential law. The mass spectrometer was operated in the peak-jumping mode with data collected as 15 blocks of 10 ratios. The Sr standard NBS987 gave 87 Sr/ 86 Sr = 0.710257±18 (2 SD, n =14). Rb was analysed on a VG54E single collector mass spectrometer. During each measurement 3 sets of 10 ratios were collected.
Sm and Nd isotope ratios were measured on a VG Sector 54-30 mass spectrometer. The Rb, Sr, Nd and Sm isotope ratios were corrected for mass fractionation and spike contribution and concentrations calculated using adaptations of the standard algorithms of Krough and Hurley, (1968) . Rb-Sr and Sm-Nd isotopic data of BD1 dykes + mafic volcanics and BD2 dykes are presented in Tables 1 and 2 , respectively.
Whole rock geochemistry
On the basis of whole rock chemistry the mafic rocks are classified as tholeiites (see TAS diagram; Fig. 2 ; Le Maitre, 2002; Irvine and Baragar, 1971) . The BD1 and mafic volcanic samples vary from basaltic to basaltic-andesite compositions, whereas BD2 samples are basaltic.
At similar MgO (5.25 -6.25 wt%) and Cr (33 -130 ppm) contents, the BD2 dykes have higher HFS and RE element concentrations (see Fig. 3a detailed discussion on the possibility of crustal contamination to the studied mafic rocks was presented by . They concluded that mantle derived magmas were subjected to some degree to contamination during their ascent and/or temporary residence in crustal magma chambers. It is also important to note that dyke margins may be affected by crustal contamination but centres of dykes are little or un-contaminated (cf. Gill and Bridgewater, 1979; Kalsbeek and Taylor, 1986) . Therefore, to minimize the possibility of crustal contamination, samples for the present study were collected from the centres of dykes and samples not containing inclusions/xenocrysts. 4d ). This suggests that they were derived from similar depleted sources. However, on the basis of whole rock geochemical data, BD1 and BD2 have different geochemical characteristics. Thus, it is possible that BD1 and BD2 rocks were derived from similar mantle sources, tapped at different times and by different degrees of partial melting and subsequent petrogenetic processes.
For further evaluation of the isotopic data isochron diagrams for the studied samples are presented in Fig. 6 (Fig. 6a) shows a correlation with a correlation coefficient that is much lower than required to define an isochron and somewhat steeper than a 2.7 Ga reference line -although inclusion of a single low Sm/Nd sample strongly affects the best-fit regression and the samples could be said to scatter around the 2.7 Ga reference line. BD2 samples do not show any correlation (Fig. 6b) (Fig. 7) . The data presented in this figure suggest that both long-term depleted and enriched mantle reservoirs had developed globally early in Earth history.
For comparison, isotopic data for the BD1 samples presented in this study are also plotted on this diagram. The majority of samples fall in the range of mantle-derived Archaean mafic rocks.
Variations in ε Nd may therefore reflect compositional variations in the mantle. However, to the extent that the samples scatter around a 2.7 Ga reference line, the present day isotopic variation is, in part at least, a temporal response to variable 147 Sm/ 144 Nd which could reflect either source heterogeneity or variable melt fraction etc.
Conclusions
Sr and Nd isotope data presented here corroborate the recognition of two distinct (BD1 and BD2) dyke swarms in the southern Bastar craton. BD1 was likely emplaced during the Neoarchaean (~2.7 Ga), whereas BD2 was emplaced at 1.88 Ga. The isotopic data also support a genetic relationship between the BD1 dykes and the Neoarchaean mafic volcanics. Trace element and Nd isotope data argue against crustal contamination as an important petrogenetic process.
Overlapping positive ε Nd values suggest that these mafic rocks were derived from similar depleted mantle sources. ε Nd and 147 Sm/ 144 Nd values of the BD1 samples from the southern Bastar craton show close similarities with other similar 2.7 Ga old mafic rocks reported worldwide. The present data are consistent with the suggestion that similar mantle sources sampled by different degrees of partial melting at different times were responsible for the petrogenesis of BD1 (+ associated volcanics) and BD2 mafic dykes. The lowest initial Sr isotope ratios are lower than the solar system initial value which is clearly erroneous and probably indicate that the measured Rb/Sr is higher than the time integrated ratio leading to an over-correction for radiogenic in-growth. Therefore, initial Sr isotope data are not appropriate for use in the interpretation of petrogenetic processes. Taylor SR, McLennan SM (1985) The continental crust: its composition and evolution. Blackwell, Oxford. Weaver BL (1990) Early Precambrian basic rocks of India. In: Hall RP, Hughes DJ (eds) Early Precambrian basic magmatism, Blackie, Glasgow, pp 339-351
Figure captions Nd ratios given by Goldstein et al. (1984) . Whole rock major (wt%) and trace element contents of BD1 dykes and volcanics is presented in and , respectively. Initial Nd and Sr isotope ratios along with the epsilon values for BD2 dykes were calculated at 1.88 Ga emplacement age.
For calculation parameters please see Table 1 .
Whole rock major (wt%) and trace element contents of BD1 dykes are presented in .
